Ambient surface mass spectrometry is an emerging field which shows great promise for the analysis of biomolecules directly from their biological substrate. In this article, we describe ambient ionisation mass spectrometry techniques for the in situ analysis of intact proteins. As a broad approach, the analysis of intact proteins offers unique advantages for the determination of primary sequence variations and posttranslational modifications, as well as interrogation of tertiary and quaternary structure and proteinprotein/ligand interactions. In situ analysis of intact proteins offers the potential to couple these advantages with information relating to their biological environment, for example, their spatial distributions within healthy and diseased tissues. Here, we describe the techniques most commonly applied to in situ protein analysis (liquid extraction surface analysis, continuous flow liquid microjunction surface sampling, nano desorption electrospray ionisation, and desorption electrospray ionisation), their advantages, and limitations and describe their applications to date. We also discuss the incorporation of ion mobility spectrometry techniques (high field asymmetric waveform ion mobility spectrometry and travelling wave ion mobility spectrometry) into ambient workflows. Finally, future directions for the field are discussed. Moreover, by considering intact proteins, it is possible to probe their tertiary (and quaternary) structures and interactions. The desire to characterise the structures of proteins is coupled with a growing demand for information on their spatial distribution within tissues.
In this feature, we describe surface analysis techniques most commonly used for the mass spectrometric analysis of intact proteins, with emphasis on liquid extraction-based techniques which, thus far, have proven most effective for intact protein analysis directly from biological substrates. We present their advantages and current limitations, as well as their applications to date, focusing on in situ intact (top-down) protein analysis from biological surfaces such as tissue sections, dried blood spots, and bacterial communities. We also provide a brief overview of the potential future developments.
| AMBIENT SURFACE SAMPLING MASS SPECTROMETRY TECHNIQUES
Arguably, the most important development enabling the analysis of macromolecules was the invention of electrospray (ESI). 1 All ambient surface sampling techniques make use of electrospray ionisation in some form. 2, 3 The analysis of intact proteins by ambient mass spectrometry has been dominated by techniques based on liquid junction surface sampling. 4 These include liquid extraction surface analysis (LESA), 5 continuous flow liquid microjunction sampling (commercialised as the Flowprobe), 6, 7 and nano desorption electrospray ionisation (nanoDESI). 8 Despite its name, nanoDESI is quite different in its fundamental mechanisms to desorption electrospray ionisation (DESI). 9 DESI is perhaps the most wellestablished ambient mass spectrometry technique but until very recently has only been applied to the analysis of small molecules.
Exciting results showing DESI of intact proteins from tissue are just starting to emerge. 10 Figure 1 shows schematics of the ambient mass spectrometry techniques used in the in situ analysis of intact proteins.
It is not possible to describe in situ analysis of intact proteins without mentioning matrix-assisted laser desorption ionisation (MALDI). MALDI is an ionisation technique which was developed at a similar time as ESI. 11 It tends to produce singly charged ions, making it most suitable for use with time-of-flight instruments which can handle the necessary, extended mass-to-charge ranges for the detection of higher molecular weight analytes. MALDI was shown to enable the ionisation and analysis of macromolecules in excess of 10 kDa shortly after its introduction 12 and has since been successfully used for the analysis of proteins in many contexts. It does, however, have requirements for sample preparation, and analysis is undertaken in vacuum, rendering it significantly different to the ESI-based ambient ionisation techniques described further in this feature. For reviews describing the applications of MALDI for protein analysis, please see the following.
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| Liquid junction surface sampling
As mentioned above, liquid extraction surface sampling encompasses three main techniques: LESA, Flowprobe, and nanoDESI. Each of these has been shown to be suitable for in situ analysis of intact proteins.
| Liquid extraction surface analysis
Liquid extraction surface analysis ( Figure 1A ) is a liquid extractionbased sampling method coupled to nanoelectrospray ionisation. First described in its current form in 2010 by Kertesz and Van Berkel, 5 it is most commonly implemented by the use of a TriVersa NanoMate robotic pipette system (Advion, Ithaca, NY). A droplet of solvent is deposited on the sample surface by the electroconductive pipette and held in place to allow the diffusion of analytes into the droplet. This is either achieved via the formation of a liquid junction between the pipette tip and the surface (the standard sampling protocol) or by bringing the pipette tip into contact with the sample surface (contact LESA). 16 The solvent is then withdrawn and introduced into the mass spectrometer by engaging the tip of the electroconductive pipette with the chip containing a bank of 400 individual nanoelectrospray nozzles.
As both the pipette tips and nanoelectrospray nozzles are only used once, there is no possibility of sample carryover.
Liquid extraction surface analysis allows the extraction of all classes of analytes, from small molecules [17] [18] [19] up to denatured 16, 20, 21 FIGURE , by the use of contact LESA 16 (in which the pipette tip is brought into contact with the tissue). The assumption made is that during contact LESA, the extraction solvent is contained entirely within the pipette tip, which has an internal diameter of 400 μm. The difference between that value and the measured diameter of the sampling area suggests that some solvent spreading occurs either during extraction or during the raising of the pipette tip following sampling. A perhaps more pressing, and surmountable, issue is that the current commercial software which drives theTriversa Nanomate robot sets a lower limit of 1-mm spacing between sampling locations.
| Flowprobe
The liquid microjunction surface sampling probe, first used for the analysis of TLC plates 31 and since commercialised as the Flowprobe system (Prosolia), is similar to LESA in that it also relies on the formation of a solvent junction on the sample surface (see Figure 1 B). Contrary to LESA, however, it is a continuous flow system. The probe itself consists of two coaxial tubes, measuring approximately 600 μm in diameter. The outer tube contains solvent flowing down towards the sample surface (typically between 10 and 60 μL/min); the inner capillary withdraws it and delivers to a pneumatically aided sprayer attachment for electrospray ionisation. The two flow rates are controlled independently to adjust the size and depth of the liquid junction at the tip of the two tubes.
The Flowprobe offers higher spatial resolution than the LESA apparatus, reliably achieving a sampling area diameter of~600 μm (limited by the dimensions of the probe tip, similarly to LESA). There are two modes of operation: "spot mode" (also known as "array mode") in which the probe is held at a single location before it is raised (and flushed) before sampling the next location and "raster mode" in which the sample stage is moved (rastered) under the probe at a constant speed, maintaining a liquid junction. The probe is flushed at the end of each raster line, and 1 data file corresponds to a single raster line. Raster mode sampling allows the reduction of pixel sizes to a minimum of 50 μm in the x-dimension; however, that is not recommended because of oversampling effects. 32 The sensitivity of the system is much lower than that of LESA, both as a factor of the smaller sampling area as well as the continuous flow design which dilutes extracted analytes. 32, 33 It does, however, provide a higher extraction efficiency as a liquid junction can be maintained for extended periods of time in a single location and continuously extracted with fresh solvent. 33 Because of the similarity in the principle of operation, these effects are also shared with nanoDESI, described in more detail below. Unlike nanoDESI, however, this design is not self-aspirating, and therefore, the balancing of the flow rates towards (between 10 and 60 μL/min) and away (controlled by gas pressure up to 100 psi) from the sample surface to achieve the desired size of the liquid junction requires careful adjustment. 7 The dynamics of the fluid in the liquid junction itself affect extraction efficiency, introducing additional variability into the system; this can be partially controlled by altering the geometry of the probe. 34 As an additional, practical consideration, the acetoni- 
| NanoDESI
Nano desorption electrospray ionisation is an alternative continuous flow, liquid junction-based technique ( Figure 1C ). 8 The apparatus consists of two capillaries held at an angle with respect to each other, with a small gap left between the capillaries at the sampling surface. Solvent is continuously fed through the first capillary, at the end of which it spills onto the sample in a controlled manner, forming the liquid junction. It is aspirated into the second capillary and expelled from the other end in a nanoelectrospray mist towards the inlet of the mass spectrometer. The careful adjustment of the two capillaries to reduce the size of the liquid junction still delivers the best spatial resolution of all liquid sampling-based techniques, estimated at 10 μm as determined by sampling a rhodamine standard grid. 37 Pixel diameters of 20 μm or better were achieved on tissue sections 37, 38 although similar results are not trivial to achieve on uneven surfaces; this is because of the extremely small distance between the capillaries and the sample surface (roughly equal to the desired pixel diameter) which needs to be reliably established and maintained over the course of an imaging experiment.
The basic nanoDESI set-up cannot achieve such precise control on samples of variable height, and thus, the size of the liquid bridge needs to be increased to absorb the differences without leading to loss of signal either through collision of the apparatus with the sample or loss of contact between the sample and the liquid bridge; the spot diameter could thus increase to approximately 1 mm for very rough samples such as bacterial colonies. 39 This limitation was recently overcome by the integration of a shear force probe alongside the nanoDESI probe. 40, 41 Thus, the topography of the sample can be measured and fed back to the control interface of the apparatus during a raster scan across the sample surface, allowing for the continuous adjustment of the probe positioning to maintain optimum distance from the sample. Whilst the majority of nanoDESI work has focused on metabolites and lipids, proteins up to 15 kDa have been imaged in thin tissue sections. 42 
| DESI
Unlike the previously mentioned techniques, DESI ( Figure 1D ) does not involve the formation of a liquid junction. 9 Sampling is achieved by directing a jet of charged solvent at the sample surface; charged particles of solvent impact the surface, desorbing molecules of analyte and imparting electrical charge. Analyte ions are then picked up by a transfer tube attached directly to the inlet of the mass spectrometer and delivered for analysis. DESI requires a hard, nonconductive surface to yield optimal results. The technique was initially suitable only for the reliable analysis of purified and relatively small (<25 kDa) proteins under denaturing conditions [43] [44] [45] ; this was shown to be a consequence of undesirable protein-protein or protein-contaminant clustering and incomplete dissolution of the analytes. 44 Progress has since been made to mitigate these effects by use of solvent additives. 46 In another approach, by modifying the DESI set-up itself, DESI mass spectra of native protein complexes of up to 800 kDa in size (tetradecameric GroEL) spotted onto glass slides have recently been recorded. 47 An alternative approach for analysing the surface layer of liquid samples generated ions of protein complexes of approximately 150 kDa. 48 Although intact purified proteins spotted onto glass slides have been observed via DESI, to date the detection of intact protein species directly from thin tissue sections has proved challenging. Very recently, Towers et al 10 have shown that by modifying the DESI source and incorporating ion mobility spectrometry, it is possible to detect proteins from tissue.
| TOP-DOWN IDENTIFICATION OF PROTEINS
A key step in the in situ analysis of proteins is their identification. Electron transfer dissociation was introduced in 2004 57 and is closely related to ECD. ETD is a two-step process involving transfer of an electron from a radical anion (most commonly fluoranthene) to a protein precursor ion. 54 Fragmentation thus relies on very similar principles as ECD and yields the same fragment types (mainly c and z) (see Figure 2 ). Despite its later introduction, ETD has been applied to top-down protein analysis much more frequently than ECD as it is available in a greater range of mass analysers, including orbitrap and time-of-flight instruments; by contrast, ECD is largely confined to FT-ICR mass spectrometers. 54 A distinct advantage of ETD over CID is its tendency to preserve labile posttranslational modifications, which allows for their identification and localisation. 58 Irrespective of the method by which they were obtained, fragmentation mass spectra may be used to identify the original protein precursor. Whilst it is theoretically possible to generate de novo a partial or even complete amino acid sequence based on the fragmentation data, the efficiency of bond cleavage is frequently too low to make this a viable approach. Instead, dedicated protein database search algorithms have been developed which take into account the mass of the intact precursor, the masses of fragments generated from the tandem mass spectrum, or both, to return a list of putative identifications.
ProSight PTM, 59 later developed into ProSightPC (Thermo Fisher Scientific), and MS-Align+ 60 are most commonly used; both algorithms rely on selecting putative candidate sequences from a protein database, based on the intact mass of the precursor, and subsequently matching observed fragment masses against a list of theoretical fragment masses generated from the database. Both also provide a scoring mechanism for the statistical evaluation of protein-spectrum matches.
As briefly discussed above, the top-down analysis of intact proteins offers unique advantages over the commonly used bottom-up methodology involving enzymatic digestion of extracted proteins prior Ubiquitin, β-thymosin 4, α-globin, and myelin basic proteins (ie, up tõ 15 kDa) were identified and spatially mapped; see Figure 4A . The approach was also applied to healthy and lymphoma thymus tissue.
The protein β-thymosin 10 was additionally identified in the thymus tissue, and the results showed increased truncation (for proteins ubiquitin, β-thymosin 4, and β-thymosin 10) in the diseased tissue. The spatial resolution achieved by nanoDESI was~200 μm.
Liquid extraction surface analysis MS imaging of mouse liver and brain tissue has also been described 29, 75 ; 15 and 24 intact protein species were detected across thin tissue sections of brain and liver respectively in the range up to 16 kDa. 29 That study also demon- see Figure 4C . 32 Moreover, whilst pixel sizes of 50 μm are achievable, the optimum spatial resolution is~600 μm to avoid oversampling artefacts. That is, the spatial resolution remains the same as spotmode Flowprobe sampling (~600 μm) which is similar to the internal diameter of the LESA pipette tip (~400 μm), which is the best achievable resolution with LESA.
| Microorganisms
The study of microbial proteins derived directly from living colonies presents an inherent challenge because of the requirement for cell lysis prior to or during sampling. Initial in situ studies of microorganisms by ambient ionisation techniques focused on intra-species and inter-species interactions observed between colonies grown on agar media, as well as the characterisation of the microbes' metabolic output. Whilst the majority of the techniques used only supplied data on small molecules, two liquid The Flowprobe is less susceptible to such issues because of the larger diameters of the capillaries used, although contact with the colony is still undesirable as it introduces contamination into the system, as well as increasing the risk of sample carryover. 76 Neither technique is, however, currently capable of extracting cytosolic proteins.
Liquid extraction surface analysis mass spectrometry was the first technique successfully used for the extraction of periplasmic and cytosolic proteins directly from living bacterial colonies. 16 The initial results were demonstrated on E. coli K-12, a model laboratory strain ( Figure 5 ). Six proteins were identified by CID followed by matching deconvoluted fragmentation spectra against an E. coli protein database included in the ProSightPTM 2.0 software (freely available online).
Crucially, the observation of cytosolic proteins was possible only by Staphylococcus was also demonstrated. The CID data obtained by LESA mass spectrometry allowed for the reconstruction of a nearly complete sequence subsequently fed into a homology search, which returned no matches. Thus, it was shown that LESA mass spectrometry could potentially be used for the identification of novel proteins and peptides without the need for pre-existing genomic data.
The number of proteins detected by LESA mass spectrometry, using E. coli as the example, was an order of magnitude lower than that obtained by top-down LC/MS 77 or bottom-up LC/MS of bacterial culture extracts (over 150 and 300-450 respectively) 78, 79 ; the analysis time by LESA mass spectrometry is, however, significantly lower than it is for the above techniques (less than 5 minutes versus a minimum of 1 hour), demonstrating a significant time benefit. This, combined with the lack of for rapid phenotypic screening. Whilst MALDI mass spectrometry has also been used for similar purposes, 80 it is unsuitable for the analysis of living microbes directly on media. Moreover, it was demonstrated that LESA mass spectrometry is capable of differentiating viridans group streptococci on the basis of the differing intact masses of observed proteins. This is a known challenge for MALDI-TOF-MS because of the high similarity of fingerprint mass spectra among these particular species.
| INCLUSION OF ION MOBILITY SPECTROMETRY IN AMBIENT MASS SPECTROMETRY WORKFLOWS
A major challenge in the direct sampling of biological substrates is the inherent complexity of the sample. That is, many molecular classes are present (proteins, peptides, lipids, carbohydrates, etc.), and all may be extracted and may interfere with detection of the analyte of interest, was integrated, it would take a day to collect data for an image comprising just 24 pixels. In contrast, the gas-phase separation afforded by ion mobility spectrometry can be achieved on the order of milliseconds. To date, two ion mobility spectrometry approaches have been integrated with ambient mass spectrometry of intact proteins: high field asymmetric waveform ion mobility spectrometry (FAIMS, also known as differential ion mobility spectrometry) [81] [82] [83] and travelling wave ion mobility spectrometry (TWIMS). 
| High field asymmetric waveform ion mobility spectrometry
High field asymmetric waveform ion mobility spectrometry, 82 also known as differential ion mobility spectrometry, separates gas-phase ions at atmospheric pressure on the basis of differences in their ion mobilities in high and low electric fields. Ions are transported by a carrier gas between parallel electrodes to which an asymmetric waveform is applied. See Figure 7A . The ions therefore experience alternating high and low electric fields. The high electric field is referred to as the dispersion field, the result of the dispersion voltage.
As the ions have different mobilities in the high and low electric fields, they are displaced from their original trajectory through the device and in the absence of intervention will collide with one or other of the electrodes. To prevent this, a compensation field is superposed.
By scanning the compensation field, ion with different mobilities are transmitted through the FAIMS electrodes, and in this way, the ion mobility device acts as an ion filter.
The benefits of the incorporation of FAIMS separation into the mass spectrometry workflow have been described for a variety of the ambient techniques described above. The incorporation of FAIMS into the workflow provides molecular separation and reduced chemical noise, both of which increase the range of ions detected with acceptable signal-to-noise ratios. LESA FAIMS mass spectrometry has been demonstrated for living bacterial colonies, 20 thin tissue sections, 20 and DBS 28 and has also been described in imaging workflows. 29 The 
| Travelling wave ion mobility spectrometry
An alternative gas-phase separation method is TWIMS. 84 Unlike classical (drift tube) ion mobility spectrometry, which uses a uniform electric field to drive ions through a cell of known length containing a buffer gas, TWIMS makes use of nonuniform transient DC pulses along a stacked-ring ion guide (producing a "travelling wave") to drive ions through the buffer gas; see Figure 7B . By reducing the height of the travelling wave and increasing the pressure in the device, some ions will roll over the wave, thereby increasing their transit time. Lower mobility ions experience more rollover events than higher mobility ions, enabling ion mobility-based separation. 23 Tetrameric avidin (~64 kDa), octameric (~190 kDa) and hexadecameric (~380 kDa) CS 2 hydrolase, and tetradecameric GroEL (~800 kDa) (see Figure 9A ) were all detected. In addition, the trimeric membrane protein AmtB (~140 kDa), dried onto the substrate from a solution containing C8E4 micelles, was detected intact following LESA using a native-like solvent containing micelles. Native LESA mass spectrometry was also shown to be suitable for probing protein ligand-binding interactions.
Noncovalent complexes between the ligand biotin and proteins avidin, bovine serum albumin, and haemoglobin were detected as shown in Figure 9B . Similar studies have recently been described for native DESI analysis of purified samples of intact proteins and protein assemblies; Ambrose et al describe detection of monomeric proteins such as apo lysozyme and bovine serum albumin, complexes of tetrameric alcohol dehydrogenase and tetradecameric GroEL using ammonium acetate solutions. 47 They also show that native DESI is suitable for the analysis of membrane proteins, although some detergent sensitivity is exhibited, and for probing noncovalent protein interactions in the example of NAG-5 bound to lysozyme.
The work on native LESA MS of purified protein assemblies and protein-ligand complexes followed earlier work in which it was demonstrated that the haemoglobin tetramer complex ((α H β H ) 2 ) could be detected directly from DBS 22 ( Figure 9C ) and vasculature present within tissue sections. 24 In that work, contact-LESA sampling 1567 (10+) were calculated to be 1047 ± 8, 733 ± 2, 796 ± 2, 728 ± 6, 772 ± 5, and 2453 ± 17 Å respectively. 75 The calculated CCS of ubiquitin was in agreement with that of the purified protein.
| PERSPECTIVE
In situ protein analysis is developing along two avenues: imaging of intact proteins within thin tissue sections and microbial analysis. Targeted analysis of proteins relevant to pathogenesis and antibiotic resistance should then become possible.
